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Abstract
Seabed habitat mapping has become a popular precursor to Marine Protected Area
(MPA) design. Data acquired through habitat mapping is used as a surrogate measure for
biodiversity, therefore simplifying the planning process for more effective reserves. The
problem with this method is that it assumes areas with similar habitat variable measures
will support the same species. Here, with the use of data acquired with an Autonomous
Underwater Vehicle (AUV), I report that habitat variables in temperate rocky reefs off
the east coast of Australia can be successful predictors of sessile invertebrate species
richness and relative abundance. Temperate rocky reefs at approximately 30 metres
depth within Batemans Marine Park were surveyed for this study. The best model for
predicting species richness and relative abundance was composed of bathymetric
variance and aspect. Together these variables explained 31% of the variation in sessile
invertebrate species richness and 50% of the variation in relative abundance.
Assemblages within rocky reefs differed at all scales investigated (<1 metre to 25
kilometres), but most significantly at the smallest scale. The conservation implications of
these findings suggest that several rocky reefs must be protected as assemblages varied
significantly among them. This study provides future researchers with information on
patterns of distribution required to understand the processes that drive change in sessile
invertebrate assemblages. Understanding the spatial scale at which assemblages vary is
the first step towards predictive models that will greatly benefit MPA design in the
future.
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Chapter 1
Introduction

The world’s oceans are in trouble. With almost 40% of the global population
living on 5% of the earth’s land, coastal zones have to endure extreme pressures from the
impacts of our day to day living. In addition to the stress on the coastal zone,
unsustainable fishing methods have led to 80% of the world’s commercially fished stocks
to be considered at capacity or overexploited (FAO 2009).
The recent recognition of human impacts on marine biodiversity has sparked
interest in conservation science and the ways in which we can minimize our impact on
the marine environment and protect the health of remaining habitats. Marine protected
areas (MPAs) have become a popular conservation tool designed to manage human
impact and protect biodiversity. Ideally, reserves should provide ecological, economic,
educational, and recreational benefits. However, this is a difficult task due to poor MPA
design and the lack of proper management. With only a small percentage of the world’s
oceans set aside as protected areas (Figure 1), and the majority of those poorly managed,
it is clear that proper design is imperative.
Conservation measures should take into account the degree to which benthic
communities have been and will be subject to anthropogenic effects. Destructive fishing
methods, such as trawling, can damage emergent epifauna and decrease habitat
complexity and biodiversity in benthic communities (Bradstock and Gordon, 1983,
Conway et al., 2005, Engel and Kvitek, 1998, Freese, 2001, Freese et al., 1999), which
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can lead to changes in fish assemblages (Bianchi et al., 2000). Sessile invertebrate
communities are particularly vulnerable due to their inability to escape unfavourable
conditions (Przeslawski et al., 2008). In addition to destructive fishing methods, benthic
communities have been subject to overfishing (Jackson, 2008), human induced climate
change (Przeslawski et al., 2008), and pollution (Roberts et al., 1998). Together these
human induced pressures are making way for mass extinctions in the marine environment
(Jackson, 2008).
To combat threats towards marine biodiversity, coastal countries around the world
have been taking steps towards improving marine management. The UK is making an
effort to move away from confusing, inconsistent marine management and towards a
more coherent and unified approach with the Marine and Coastal Access Act of 2009,
which established the Marine Management Organization. Previously, the UK initiatives
were confusing due to the variety of governments involved, including EU directives as
well as different authorities in England, Scotland, Wales, and Northern Ireland. Through
the Marine and Coastal Access Act the government decided that the internal waters of
Scotland, Wales, and Northern Ireland would be under local management authority, while
waters of England and the offshore waters of the UK as a whole would be under the new
UK management authority, the Marine Management Organization.
In the United States, marine conservation and management has mostly been
conducted at a state level. A few states in particular have led the way, including Florida,
Massachusetts, and California. In 1999 the California Marine Life Protection Act was
passed. This act directs the state to redesign its system of MPAs to function as a network
and requires that the best available science, as well as the advice of scientists, resource
managers, experts, stakeholders, and members of the public, be used in the process. The
federal government established the National System of Marine Protected Areas in 2009
and is designed to facilitate greater collaboration among MPAs throughout the US by
including existing MPAs that meet certain requirements and conducting a gap analysis to
identify areas of significance that may require additional protection.
In order to ensure the conservation and sustainable use of Australia’s marine and
estuarine environments, the government initiated a long-term conservation program in
1991. As part of this initiative, the National Representative System of Marine Protected
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Areas (NRSMPA) was developed to expand Australia’s existing marine reserve system.
The primary goal of the NRSMPA is to establish a comprehensive, adequate, and
representative (CAR) network of MPAs throughout Australia in order to protect marine
biodiversity and maintain ecological processes (ANZECC TFMPA, 1998).
Comprehensiveness requires that the full range of marine ecosystems is included in
protected areas. Adequacy addresses the question of what level of reservation will ensure
viability and integrity of populations, species, and communities. Representativeness
states that those marine areas that are selected for inclusion in MPAs should reasonably
reflect the biotic diversity of the marine ecosystems from which they derive. Although
there is an increasing need for information on the biodiversity and ecological processes to
adequately design MPAs, decisions on the location, number and size have often been
driven by social, economic or political action.
Habitat mapping is an essential precursor to MPA design. This process, which
involves the use of habitat types as a surrogate for marine biodiversity, is based on the
assumption that habitat types predict patterns of biological distribution. Critics, however,
argue that this assumption is not often tested, pointing to the lack of biological data used
alongside habitat surrogates. I sought to test this assumption with marine sessile
invertebrates as they play a significant role in their local environment.
In many environments, ranging from the intertidal to the deep sea, sessile
invertebrates increase the habitat heterogeneity and the number of available microhabitats
(Bradstock and Gordon, 1983, Cohen et al., 2000, Klitgaard and Tendal, 2004). A
variety of taxa form key areas of habitat. Sponge communities may form very dense
aggregations (Klitgaard and Tendal, 2004) which can spread over many square
kilometres (Conway et al., 2005). These vast sponge reefs are thought to provide habitat
for many species (Jamieson and Chew 2002). Ascidians may provide habitat, grazing
ground, and shelter for motile species (Cohen et al., 2000). Deep sea stalk sponges
provide shelter for motile cryptofauna (Beaulieu, 2001, Henkel and Pawlik, 2005),
habitat for suspension feeders (Beaulieu, 2001, McClintock et al., 2005) as well as
increasing the feeding efficiency of suspension feeders by providing them a means for
increased exposure to the current (Barthel et al., 1991). When some sponges die, large
amounts of spicules are released (Klitgaard and Tendal, 2004). Spicules can form a
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spicule mat on the seafloor as has been reported in Antarctica (Barthel, 1992), NE
Atlantic (Bett and Rice, 1992), and off the coast of Morocco (Barthel et al., 1996).
Spicule mats change the composition and structure of the sediment, creating microhabitat
for local fauna (McClintock et al., 2005).
Sessile invertebrates have also demonstrated close relationships with fish
(Bradstock and Gordon, 1983, Ryer et al., 2004, Tissot et al., 2006). Ryer et al., (2004)
reported that juvenile flatfish preferred an environment with emergent sponges compared
to otherwise low-relief habitats and concluded that these assemblages may play an
important role in the ecology of some juvenile flatfish while coral-like bryozoan beds
play a significant role as juvenile nursery grounds for commercial fish off New Zealand’s
South Island.
The significance of sessile invertebrates extends beyond that of habitat provision.
Sponges are an important food source for a number of animals such as sea stars
(McClintock et al., 2005), angelfishes, nudibranchs, and hawksbill turtles (Wulff 2012).
Bryozoans are a significant food source for animals such as echinoids, starfish, brittlestars, and chitons (Gordon, 1972). Sponges (de Mestre et al., 2012), ascidians (Naranjo
et al., 1996), and bryozoans (Lombardi et al., 2008) have all demonstrated their ability to
be used as bioindicators. For example, by inhabiting polluted environments, some
species of ascidians act as important pollution bioindicators (Naranjo et al., 1996).
Certain species of ascidians appear to be tolerant of polluted environments such as
coastal harbours, ports, and industrial areas. Waste water rich in bacteria acts as a food
source for these filter feeders (Monniot et al. 1991). In addition to filtering bacteria,
ascidians can also take up metals and toxic substances (Naranjo et al., 1996), acting as
purifiers of waste water. Finally, in the deep sea, sponges contribute a significant portion
to benthic oxygen demand and thus belong to the primary organisms involved in organic
carbon turnover in this environment (Conway et al., 2005, Witte and Graf, 1996).

Surrogacy and its Utility
Successful MPA design requires an understanding of local biodiversity (Lindsay
et al., 2008), however this process is expensive and resources are often limited (Balmford
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and Gaston, 1999). Due to the limited amount of space and money allocated for
conservation, reserves must be planned in a strategic manner (Rodrigues and Brooks,
2007). The use of surrogates is one approach applied to avoid the financial constraints
associated with gaining an understanding of the local biodiversity (Olsgard et al., 2003,
Ward et al., 1999) while still working towards the goal of strategically planned
conservation areas. When there is limited biological information, the use of surrogates to
assess diversity become particularly important.
Surrogates are variables that are closely related to species diversity and
abundance but are more easily evaluated than these parameters (Olsgard et al., 2003).
There are three main surrogate methods that have been used in conservation planning in
order to identify areas of high biodiversity.
The first type of surrogate commonly used to estimate the distribution of overall
biodiversity is a ‘top-down’ taxonomic approach based on higher taxa. The main idea
behind this method is that the number of families or genera can be documented faster
than the number of species, given that a relationship between these different taxonomic
levels has been established. Family richness was concluded to be a good predictor of
species richness for a number of groups and regions, including British ferns, British
butterflies, Australian passerine birds, and North and Central American bats (Williams
and Gaston, 1994). Based on distributions of 977 taxa of fish, invertebrates and plants in
a temperate marine bay, Vanderklift et al. (1998) used species richness as a measure of
biodiversity to examine the value of using assemblages generated from species, genus,
family, and class level data as surrogates in a selection process for MPAs. While
protected areas chosen based on genera resulted in a selection of areas with a similar
number of species as those chosen using species assemblages, no overall preferred
taxonomic level was found because the results depend on a number of study specific
factors, including spatial scale, geographic location, and the identity of the taxonomic
group itself (Vanderklift et al., 1998). One problem associated with this method is the
potential irregularities in the definition and discrimination of higher taxa, not unlike the
problems often coupled with distinguishing among species (Gaston, 1996).
A second type of surrogate used to estimate biodiversity relies on indicator
groups. Conservation biologists examine the number of species in a well known
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taxonomic group (the indicator group) as a surrogate for the number of species in poorly
known taxonomic groups rather than measuring the total number of all species in an area
(Caro and O'Doherty, 1999). Gladstone (2002) implemented this method to test the
potential use of indicator groups in the selection of marine reserves. In a study conducted
in southeast Australia, Gladstone (2002) found that reserve locations chosen using
molluscs included 60-72% of all species, significantly more than locations chosen at
random. A potential shortcoming with this method is the assumption that the well
understood species and the poorly understood species are adequately related is rarely
tested (Gaston, 1996). It is important to acknowledge that relationships can be dependent
on region and spatial scale.
A third surrogacy-based method for estimating measures of biodiversity is
variables based on habitat and environmental data. Finding a positive relationship
between habitat variables and biodiversity is attractive to conservation biologists because
it is generally significantly easier and less expensive to measure abiotic habitat variables
than conduct extensive biological surveys. A wide variety of studies on the relationship
between numbers of species and environmental variables have been investigated
throughout the world including influences on flathead desert lizards in western North
America (Pianka, 1967), freshwater molluscs in New York (Harman, 1972), coastal dune
ant communities in The Netherlands (Boomsma and van Loon, 1982), large scale tree
distributions in North America (Currie and Paquin, 1987), species diversity in the deep
western North Atlantic (Etter and Grassle, 1992), and plant communities in coastal
marshes of the Gulf of Mexico (Gough et al., 1994), among many others.
Habitat surrogates are the most common type of surrogate used in marine park
design (Lindsay et al., 2008). The use of habitat surrogates assumes that if a certain
percentage of habitat classes are protected within a marine reserve the biodiversity
associated with these habitats will also be protected. While there have been numerous
studies conducted on the use of habitat surrogates in terrestrial environments, there have
been far fewer focusing on the marine environment. There have been studies on the roles
of benthic communities as habitat for fish (Pittman et al. 2007, Purkis et al. 2007,
Bejarano et al. 2011) and corals (Mumby et al. 2008, Dalleau et al. 2010) but very few
have focused on sessile invertebrates (Schlacher et al. 2007).
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Recognising the direct link between habitat structure and community
assemblages, habitat surrogates have become a popular means to estimate biodiversity.
Habitat variation and structure may provide shelter from physical stress, predators,
interfering competitors, and alter resource availability and acquisition (Friedlander and
Parrish, 1998). In regards to marine sessile invertebrates, variation in habitat provides
variation in the resources available and the rate at which they are acquired. Dolan et al.,
(2008) reported that on a local scale, deep-water corals position themselves on the edge
of topographic highs, presumably to take advantage of the improved food supply
provided by the dominant current. The predictive model developed by Dolan et al.,
(2008) to discriminate between suitable and unsuitable habitat for cold-water corals was
most greatly influenced by parameters that encompass these topographic highs.
Within the marine environment, the majority of surrogate studies have focused on
fish assemblages, particularly coral reef communities. A study published in 1972
concluded there was a strong positive correlation between fish species diversity and
substrate topographic complexity in an area of low-lying shallow patchy coral reef in the
Virgin Islands (Risk, 1972). Since these findings, a number of studies have reported
similar outcomes in coral reef communities (Chabanet et al., 1997, Friedlander and
Parrish, 1998, Roberts and Ormond, 1987), with fewer focusing on temperate rocky reef
environments. In a temperate rocky reef environment, Charton & Ruzafa (1998)
examined the correlation between vertical complexity and horizontal complexity with
rocky reef fish assemblages. They reported that the number of rocky boulders (vertical
variability) demonstrated a significant correlation with species richness (accounting for
40% of its total variability), mean total abundance (70%) and with species diversity
(27%).
While Charton & Ruzafa (1998) focused on habitat complexity measures, Ward et
al. (1999) investigated the use of habitat classes as surrogates, in addition to species
assemblages. Habitat classes, also referred to as habitat categories, are characterized
depending on the type of biotopes/benthic habitats present in the study site. For example,
Wright et al. (1997) found significant differences between sponge assemblages in two
neighbouring habitats, one class dominated by Ecklonia forest and the other grazed
urchin barrens, at two sites near Wollongong, in southern New South Wales, Australia.
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Ward et al. (1999) compared different surrogate methods and found if a small proportion
of the focus area is set aside as reserve then fish or invertebrate assemblages (indicator
groups) are the most appropriate surrogate for overall biodiversity because they included
the most taxa. However, if a larger proportion of area is to be designated as a reserve
(≥40%) then habitat classes should be utilized as they include more taxa at this level that
species assemblages.
With recent advances in technology it is now possible to examine habitat
variables over large spatial scales and a variety of depths. Using remote sensing
technology, the few published studies that have focused on habitat surrogates in relation
to sessile invertebrate assemblages have taken place in deep-sea environments. Although
this is an important step towards effective MPA planning, a significant gap in our
understanding of these habitats closer to shore still exists.
A number of habitat variables are strongly correlated with sessile invertebrate
assemblages in studies conducted in the deep sea (Dolan et al., 2008, Guinan et al., 2009,
Schlacher et al., 2007) (Table 1). In the first study to quantify species richness of sponge
communities in submarine canyons, Schlacher et al. (2007) reported that species richness
was correlated with variation in depth, substratum type, and topographic relief that
created heterogeneous benthic habitat conditions. By collecting sponges from 14 stations
within 5 canyons off southeastern Australia and investigating the relationship between
their patterns and environmental variables (depth, bottom type, and slope), they reported
that areas with a greater variety of bottom types were more speciose. While this study
contributed greatly to the understanding of canyon sponges and their habitat, it did not
consider the spatial scales over which these assemblages vary and how their habitat may
affect them differently over different scales. It is important to consider scale when
discussing implications for MPAs in order to understand the appropriate size of reserve
area.
Deep sea coral diversity is strongly correlated with their surrounding terrain
attributes (Dolan et al., 2008, Guinan et al., 2009). Dolan et al. (2008) used video data
and high-resolution multibeam bathymetry to investigate the relationship between the
distribution of cold water corals and habitat complexity parameters, including measures
of slope, orientation, roughness, and curvature. On a carbonate mound off SW Ireland,
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Dolan et al. (2008) found bathymetric position, orientation, and structural complexity had
the most influence on coral distribution. Similarly, Guinan et al. (2009) reported
significant relationships between coral cover and all measured terrain attributes, which
included slope, aspect, rugosity, and bathymetric position index. Both of these studies
provided strong support for the use of predictive habitat modelling.
Rees (2009) expanded the understanding of the relationship between habitat and
sessile invertebrate assemblages by determining that similar to previous deep sea studies,
terrain variability was the best predictor of sessile invertebrate abundance and diversity in
temperate rocky reefs at a depth of approximately 30 metres. Rees (2009) determined
that side scan sonar imagery was capable of providing sufficient habitat information to
determine strong surrogate measures for temperate sessile assemblages. Working
together, the habitat variables examined, including vertical relief at 100 m scale, reef
cover at 100 m scale, depth, and bathymetric position index at a 15 m scale, explained
43% of the variation in sessile invertebrate abundance and 61% of the variation in species
richness. Terrain variability alone, specifically the vertical relief of a reef within a 100 m
radius, was capable of explaining 38% of the variation in abundance and 54% of the
variation in diversity, making it by far the most significant predictor. This study
reinforces the use of habitat variables as a surrogate measure for sessile invertebrate
assemblages, however advances in technology have allowed for high-resolution
underwater images to provide much more accurate measures of abundance and species
richness.

The Importance of Scale
Habitat mapping is an essential precursor to MPA design. Habitat types are used
as a surrogate for marine biodiversity with the assumption that they predict patterns of
biological distribution, however this assumption is not often tested. An important step
for conservation planners is understanding the spatial scale over which assemblages vary
because this will help determine the number of reserves necessary to meet the goals of
the CAR principles. For example, if there are three sites within a marine park that have
the same habitat type and the same assemblages are found among these sites, any one of
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these locations can be used as a reserve area. However, assemblages change over certain
environmental and spatial gradients. If assemblages vary amongst the three similar sites,
all three sites would need to be designated as a reserve area in order to remain
representative of the habitat. In addition, it is important to observe a variety of spatial
scales because natural assemblages are patchy and unpredictable (Stevens and Connolly,
2004) therefore even in a habitat that appears homogeneous surrogates must be used with
caution.
Winberg et al. (2007) determined the most appropriate scale for conservation
planners to assess when designing tidal flat reserves on the South Coast of NSW,
Australia. By focusing on scales relevant to management (20 m, 100s of m, and <30
km), Winberg et al. (2007) concluded that there was little taxonomic turnover among
assemblages in three tidal flats, however rare taxa were site specific. In order to be
representative of the habitat, rare taxa must be included within the reserves, therefore,
more than one tidal flat reserve would be recommended. This study demonstrates the
importance of integrating biological data with habitat mapping for the use of MPA design
and similar studies need to be conducted throughout the marine environment.
The ecology of many Australian marine species is poorly understood (Edgar et al.,
2005) and most of the information we have about sessile invertebrates is part of broader
assessments (Cohen et al., 2000, Edgar, 2008, Harriott et al., 1999, Underwood et al.,
1991). Because New South Wales uses habitat mapping when planning MPAs
(Lubchenco et al., 2003) it is important to assess assemblages at scales that are relevant to
MPAs. Habitat surrogates assume habitats of a certain type are homogenous and any
area chosen for protection will include all taxa associated with that habitat type.
However, this assumption does not address two known assemblage characteristics. First,
ecosystems are intrinsically heterogeneous at a variety of temporal and spatial scales with
variation at very small scales common (Coleman, 2002, Davis et al., 2003, Newton et al.,
2007). By examining shallow subtidal invertebrate assemblages at scales ranging from
within reef to between continents, Davis et al. (2003) concluded that variation did not
increase with increasing scale. The smallest scale of one metre within rock walls and the
largest scale of continent both explained the majority of variation in the variables
quantified, however, the smallest scale occasionally accounted for almost 50% or more of
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the total variation. Newton et al. (2007) compared ascidian assemblages between
exposed and sheltered reefs and between two depth zones within each subtidal reef at
Port Stephens, New South Wales. The assemblages were highly spatially heterogeneous
with distinct differences observed between exposed island and sheltered reefs, between
sites within exposures, and particularly between deep and shallow zones within sites.
Although this study provides a good example of how assemblages can vary when
comparing seemingly homogeneous habitats, it did not take into consideration small scale
habitat variables that may explain differences among sites. The authors assumed that all
deep exposed reefs would be similar enough to compare without considering other habitat
variables that may influence the assemblage. Sessile organisms in particular are greatly
influenced by their immediate surroundings.
Second, natural assemblages display patchy distributions throughout seemingly
homogenous habitats. While a number of studies have found abiotic variables to be
relatively strong predictors of biodiversity, Stevens and Connolly (2004) found this was
not the case in their study. They reported that a number of habitat variables, including
depth, mud and sand content of sediment, and current velocity, explained a relatively
small proportion of the overall pattern while the spatial analyses showed that errors in
false homogeneity, where sites with similar habitat have different biological distributions,
and false heterogeneity, where sites with different habitat have similar biological
distributions, were high. Not enough studies take spatial scale into consideration and it is
an important factor when assessing biodiversity for conservation purposes.

Developing habitat surrogates in the marine environment
Mapping the sea floor is widely recognized as an essential component to improve
marine resource management and planning as a surrogate measure for biodiversity. Prior
to remote sensing technology, seabed surveys were conducted using methods such as
grab samples, trawls, and/or underwater video or photography. These methods result in
point samples, which were then extrapolated between sample locations often leading to
invalid conclusions (Brown et al., 2005).
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Remote sensing techniques can be organized into two general classes, aerial and
water-based. Aerial remote sensing consists of collecting optical images from satellite or
aeroplane and distinguishing visible habitat boundaries. Aerial and satellite imagery has
been used extensively to study shallow water habitats such as estuaries (Creese et al.,
2009) and coral reefs (Mumby et al., 1997). Using digital airborne multispectral
imagery, Mumby et al., (1997) was able to produce maps with detailed habitat
information (>9 reef classes) with 81% accuracy when compared to field data. Although
these methods have led to further understanding of some marine habitats, aerial remote
sensing is restricted to very shallow habitats where water is clear and the view
unobstructed.
Until recently, mapping of deeper marine habitats has proven difficult due to the
limitations of aerial-based methods. Current technology has expanded water-based
techniques using acoustic tools that can provide high-resolution bathymetric data over
large areas (Beaman et al., 2005, Ryan et al., 2007). In addition to marine protected area
planning, high-resolution sea floor mapping has many other applications.
Hydrographers, geologists, and habitat ecologists have used seafloor mapping techniques
to unveil potential engineering hazards, improve coastal development planning, and
understand benthic ecology (Pickrill and Todd, 2003).
To elevate the level of success of marine protected areas, many studies have been
conducted to investigate the relationship between seabed habitats and biological
assemblages (Brown and Collier, 2008, Cochrane and Lafferty, 2002, Jordan et al., 2005,
Kostylev et al., 2001) For example, a multibeam sonar system was used to map the
seabed over New Zealand Star Bank (Beaman et al., 2005) to explore whether geological
data can be used as a surrogate for benthic organism assemblages. This study concluded
that variation in the substratum (hard-ground features, unconsolidated sediment on a flat
seabed, and unconsolidated sediment on a low-relief seabed) controlled assemblages of
benthic organisms. Seabed habitat maps play a crucial role in marine park management
and planning.

Chapter 1: Introduction

20

Quantifying Sessile Invertebrate Assemblages
A wide variety of methods have been used to examine marine sessile organisms,
some of which require the removal of organisms while other non-destructive techniques,
which do not require physical samples, are also employed (Parravicini et al., 2009). Two
popular non-destructive methods are diver surveys (Fraschetti et al., 2001, CattaneoVietti et al., 2002) and photographed quadrats (Roberts et al., 2006, Roberts et al., 1998,
Rees, 2009). Both methods have advantages and disadvantages. Photographs provide a
permanent record, allow software image analyses, reduce the time spent underwater,
permit data to be collected at depths not considered safe for SCUBA, and does not
require divers to be well trained in species identification. However, analysis of images is
very time consuming and the reliability of the images is greatly dependent on their
quality. When divers set up quadrats underwater and analyse data in situ, it allows
organisms that may be hidden under taller species to be recognized, but requires longer
time in the field, specialized divers skilled with species identification and data is more
affected by observer subjectivity (Parravicini et al., 2009). When the two common nondestructive survey methods were compared while investigating the impacts of mussel
harvesting, Parravicini et al. (2009) concluded that sample size had a greater impact on
the results than method, as both visual quadrats and photography were able to detect
differences between impacted sites and controls.
Autonomous Underwater Vehicle (AUV) are revolutionising benthic surveys.
The AUV provides high resolution, geo-referenced optical imaging whose quality far
exceeds that of previous underwater images (Figure 2). AUVs around the world have
been used in a number of applications, either cruising tens of metres off the seafloor and
collecting acoustic backscatter and bathymetry data, or operating very close to potentially
rugged environments collecting high resolution optical images. Applications have ranged
from commercial tasks such as oil and gas surveys (Singh et al., 2004a) to capturing
nocturnal animal behaviour (Williams et al., 2009). The AUV is primarily used in optical
imaging applications including coral reef characterization (Singh et al., 2004a)
monitoring harmful algal blooms (Robbins et al., 2006) and mapping coral mounds in
deep water (Grasmueck et al., 2006). In 2007, two specially designed AUVs were used
to explore under Arctic ice (Kunz et al., 2008). Previous expeditions have explored
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under Arctic and Antarctic ice but the AUVs allowed scientists to explore the seafloor
and great depths (~4000m) and did not require the same hole in the ice to be maintained
throughout the dive.
While multibeam sonar allows for seafloor mapping in deeper habitats, biological
data are rarely available. AUV has provided the missing biological information that will
allow scientists to investigate relationships between habitat variables and benthic
assemblages in the future.

The Utility of The IMOS AUV Facility
In Australia, AUV systems are accessible to the marine science community due to
the Integrated Marine Observing System’s (IMOS) Autonomous Underwater Vehicle
(AUV) Facility. IMOS was established to support marine science in Australia by
providing a platform to integrate data collection and research proposals around the
country into a national strategic approach in order to avoid disjointed research around
Australia. The objective of the IMOS AUV Facility is to implement the AUV in a
monitoring capacity to study spatial and temporal variability in benthic habitats around
Australia.
The University of Sydney’s Australian Centre for Field Robotics operates the
SeaBED-class ocean-going AUV called Sirius (Figure 3), which collects a variety of
physical and environmental data, focusing specifically on high resolution, geo-referenced
surveys. Sirius is a modified version of a mid-size robotic vehicle Seabed built at the
Woods Hole Oceanographic Institute (Singh et al., 2004b). The AUV is equipped with
an assortment of sensors including multibeam sonar, a high resolution stereo camera pair
and strobes, a depth sensor, Doppler Velocity Log (DVL) including a compass with
integrated roll and pitch sensors, Ultra Short Baseline Acoustic Positioning System
(USBL), forward looking obstacle avoidance sonar, a conductivity/temperature sensor
and combination fluorometer/scattering sensor to measure chlorophyll-a and turbidity.
The AUV is able to precisely target areas of interest, multiple times if necessary, because
it is decoupled from the support ship during surveys and a variety of navigational sensors
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enable precise tracking of the vehicle (IMOS, 2012). The AUV’s ability to follow the
seafloor at a constant altitude provides consistent lighting and high quality imagery.
Sirius has contributed to marine studies throughout Australia including
documenting biological assemblages associated with rocky reef systems in southeast and
southwest Tasmania, documenting biological assemblages associated with deep coral reef
systems at Scott Reef in Western Australia, surveying drowned reefs along the shelf edge
of the Great Barrier Reef in Queensland, and surveying cuttlefish camouflage behaviour
in South Australia (IMOS, 2012). The AUV has the capacity to generate long term and
short term data sets. Changes in community structure and benthic cover can be
monitored in order to assess the long term affects of climate change and human activities
on the benthos. The facility will also provide useful data that can be used by
conservation biologists and fisheries managers in the design of marine parks where the
benthos provides a food source or plays a role in the lifecycle of the target species
(Williams, 2010).

Aims and Objectives
Conservation planning is often criticized and inhibited by the lack of
systematically surveyed biological data (Balmford and Gaston, 1999, Margules and
Pressey, 2000, Ward et al., 1999). In New South Wales and throughout Australia, the
CAR principles have been adopted as a means to protect marine biodiversity and
maintain ecological processes (ANZECC TFMPA, 1998, Avery et al., 2001). In the
guide to policy principles and MPA selection processes in NSW it is recognized that
habitat surrogates are one of the most effective tools for planning a system of MPAs
(Avery et al., 2001). However, a review of the published literature indicates that there is
a significant gap in our understanding of the utility of habitat surrogates in the marine
environment, particularly that of temperate ecosystems. Temperate rocky reefs, such as
those found in Batemans Marine Park on the south coast of New South Wales, play host
to a number of taxa including assemblages of sessile invertebrates. It is important to
represent sessile invertebrates within protected areas because they increase the habitat
heterogeneity and therefore provide habitat for a number of dependent species (Bradstock
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and Gordon, 1983, Cohen et al., 2000, Klitgaard and Tendal, 2004). These habitats are
recognized for their diversity and often included within MPA boundaries, yet they have
not been studied to the extent of tropical reefs or even in some cases the deep sea.
Through the opportunities provided by the IMOS AUV Facility, it is possible to
measure the effectiveness of habitat variables as a surrogate measure for marine sessile
invertebrate assemblages using the most advanced technology available. On temperate
rocky reefs in an MPA that spans 100 km in New South Wales, Australia, I aim to:

1)

Assess the utility of numerous habitat variables derived from seafloor
mapping for predicting diversity and abundance within sessile
invertebrate assemblages.

2)

Determine over what spatial scale sessile invertebrate assemblages vary at
scales relevant to management and how this information can be applied
to MPA design.

3)

Suggest what further research is necessary to achieve the goals of the CAR
principles of MPA design.

In achieving these aims I will determine areas of high biological value which will
in turn allow marine conservation planning to become more successful and assist
planners achieve their goals more cost effectively.
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Figure 1. Map showing the cumulative area of the world’s marine protected areas. The
area in yellow, less than half of one percent of the oceans, represents area designated as
MPA while the small red square represents the total area protected from all fishing
(Roberts and Hawkins, 2000)
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(a)

(b)
Figure 2. Comparison of sessile invertebrate samples from (A) towfish still camera
method, captured in 2009, and (B) AUV image, captured in 2010. Both images collected
in Batemans Marine Park, NSW, Australia. Both images depict clumps of the stalked
solitary ascidian Pyura spinifera.
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(a)

(b)
Figure 3. The AUV Sirius (a) ready for deployment at Scott Reef, Western Australia
(Photo: Australian Centre for Field Robotics) and (b) surveying cuttlefish spawning
grounds at Whyalla, South Australia (Photo: Roger Hanion, Marine Biological
Laboratory).

Source
Schlacher et al.
2007

Environment
Submarine
canyons at 100600m

Surrogate Measure
Topographic relief,
depth, substrate

Methods
Bathymetric &
substrate data:
Ship borne
multibeam sonar
Biological data:
Benthic sleds

Spatial Scale
14 sled samples.
Tow distance
between 900-1200m

Taxon and Variables
Sponge
species richness and
abundance

Surrogate Effectiveness
Species richness greater in
areas with broader range
bottom type

Dolan et al. 2008

Carbonate
mounds at 850m

Slope, orientation,
roughness and
bathymetric
position index

Bathymetric data:
Ship borne
multibeam sonar
and ROV
multibeam sonar
Biological data:
ROV

Window sizes of
1.5, 4.5, 8.5, and
16.5m

Coral
abundance

Orientation, bathymetric
position index, and
roughness had greatest
influence

Guinan et al.
2009

Carbonate
mounds at 600900m

Slope, aspect,
rugosity and
bathymetric
position index

Bathymetric data:
Ship borne
multibeam sonar
Biological data:
ROV for % coral
cover

90m2 and 270m2

Coral
abundance

Significant correlation with
all terrain attributes.
Stronger correlation at the
larger scale (270m)

Rees 2009

Subtidal rocky
reefs at 17-40 m

Vertical relief,
depth, bathymetric
position index, reef
cover

Bathymetric data:
Sidescan sonar
Biological data:
Towfish still
camera and video
stills

Subset of 5 images
per 40m transect at
32 sites, at least
200m apart

Sessile invertebrate
species richness and
abundance

Significant relationship
between relative abundance
and vertical relief and
between species richness
and both vertical relief and
reef cover

Wright et al.
1997

Shallow subtidal
at 10-12m

Habitat Class Ecklonia forest vs.
urchin barrens

Biological data:
SCUBA and still
photographs

3.6m2 in urchin
barrens and 160m2
in Ecklonia forest at
2 sites

Sponge
abundance

Significantly greater sponge
cover beneath Ecklonia
forest than urchin barrens

Table 1. Comparison of studies examining habitat surrogates on marine sessile invertebrate assemblages
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Chapter 2
Methods

Study Area
Subtidal rocky reefs in New South Wales are diverse and provide habitat for a
wide variety of invertebrates, algae, and fishes (Andrew, 1999, Underwood et al., 1991).
Six main habitats have been defined within the underwater landscape of New South
Wales, including the semi-exposed Fringe Habitat, the solitary ascidian dominated Pyura
Habitat, the Barrens Habitat which lack kelp or large algae, and the Deep Reef Habitat.
Deep reefs are located in water deeper than 20 metres and are host to sessile invertebrates
such as sponges, ascidians, and bryozoans, in addition to black sea urchins
(Centrostephanus rodgersii) and various forms of algae (Andrew, 1999). Despite the fact
that these habitats play a critical role in meeting conservation goals, relatively few studies
have examined the ecology of deep reefs in New South Wales.
The study took place over deep reefs in Batemans Marine Park (BMP) on the
south coast of New South Wales, Australia. BMP was established in April 2006 and
covers approximately 85,000 hectares. It spans approximately 100 km from Bawley
Point in the north to Wallaga Lake in the south. It encompasses all seabed and waters
from the mean high water mark to three nautical miles off shore. Within BMP, a wide
range of habitats including beaches, mangroves, rocky shores, seagrass, saltmarsh, kelp
beds, sponge gardens, and islands are afforded protection.
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Six sites were sampled with high-resolution digital still photographs using the
autonomous underwater vehicle (AUV) Sirius. These sites are located between Brush
Island (150° 25' 57.72"E, 35° 31' 59.159S) in the north and Potato Point (150° 9'
11.1594"E, -35° 5' 28.32"S) in the south (Figure 4). The images were collected between
17 and 22 November 2010 and provided by the Integrated Marine Observing System
(IMOS) AUV Facility.

AUV Equipment and Procedures
The ocean-going AUV Sirius was operated by The University of Sydney’s
Australian Centre for Field Robotics. Sirius is 2.0 m long by 1.5 m high by 1.5 m wide
and weighs approximately 200kg (Figure 6). This AUV is specifically designed for
undertaking high resolution benthic optical and acoustic imaging work to provide 3D
reconstructions of the sea floor. Sirius is outfitted with a wide range of sampling
instrumentation. Those that were relevant to this study include a high resolution stereo
camera pair and strobes, a 330 kHz multibeam sonar, depth and conductivity/temperature
sensors, and a 1200 kHz Doppler Velocity Log (DVL) including a compass with
integrated roll and pitch sensors. Survey data collected by Sirius is geo-referenced at
high precision with the use of navigational sensors including GPS, Ultra Short Baseline
Acoustic Positioning System (USBL) and forward looking obstacle avoidance sonar.
Data collected during surveys were time-stamped and logged on the AUV’s on-board
computer.
At the site, Sirius was deployed at the surface and used GPS to navigate to its
starting location. The vehicle then dived and performed a pre-programmed trajectory
along the seafloor collecting stereo-image pairs, multibeam sonar and water column data.
Once the survey was complete, the vehicle returned to the surface and was retrieved.
The images collected in BMP and used in this study are part of a group of benthic
reference sites distributed throughout temperate regions of Australia to determine rates of
change of benthic habitat. Dense grids, where overlapping imagery is used to provide a
complete picture of a 25x25m patch, were designed to monitor changes in the benthos at
a fine scale and estimate recruitment of sessile organisms.
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Sampling Design and Procedures
At each of the six sites images were collected on average every 0.4 m in a dense
grid pattern to create a 25x25 m array of still photographs at depths ranging from 18.5 m
to 43.7 m (Table 2). At each site imagery was collected from three dense grids located at
least 120 m apart and composed of between 8311 and 8965 paired stereo images (Figure
7).
A total of 43,286 images were collected in the dense grid pattern throughout
BMP. Due to the large number of AUV images, ArcGIS was used to subsample the
images.
Within each grid, four 6x6 metre plots were superimposed over rocky reef. Effort
was made to restrict the subsampling to areas that are considered suitable sessile
invertebrate habitat, typically rocky reef. Eight points were randomly placed within each
plot. Images (approximately 1.6x1.3m) under the points were selected for the subsample
(Figure ). With eight points in each plot, and four plots per grid, 32 images were
collected from each grid. With three grids per site, 96 images were analysed at each site.

Analysis of AUV Images
Coral Point Count with Excel extensions (CPCe) Version 4.1 was used to analyse
the AUV images. CPCe is a program that automates the random point count method used
to estimate cover for marine benthos. Through CPCe, 50 points were randomly
distributed over an image and the species or substrate-type lying beneath each point was
visually identified by a user-specified code (Figure 9). The percentage of points
overlying each benthic category was calculated, and summary statistics were exported to
Microsoft Excel (Kohler and Gill, 2006). Major categories included coral, sponge,
ascidian, bryozoan, space, algae, fish, urchin, and sea star. Subcategories were created
under those categories with multiple taxa represented in the samples analysed; including
sponge, ascidian, bryozoan, space, and algae. Further explanation outlining benthic
categories and how there were chosen is explained below. For each image, species
richness and percent cover were collected for further analysis.
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Images were received in Geographic Tagged Image File Format (GeoTIFF).
Prior to image scoring, all GeoTIFF files were converted to JPEG and image clarity
enhanced using the program XnView. A code file was created and used to identify
marine benthos, however prior to building a code file each ‘species’ was given a scoring
code.
Sessile invertebrates are poorly understood due to the fact that many species
cannot be easily identified. The colour and morphology of sponges are affected by
physical conditions, meaning such characteristics may not be a reliable indicator for
identification. For example, Spirastrella sp. (Andrew, 1999) may be encrusting in
shallow water but erect in deep water. Morphology may change due to differences in the
physical environment such as currents and wave action, and the colour of some sponges
can also change with depth. Due to these complications, many sessile invertebrates have
yet to be identified. I adopted an Operational Taxonomic Unit (OTU) approach to
invertebrate identification and created a catalogue of ‘species’ prior to analysis. All
individuals found within the subsample of images were given a code. The code was
created in a similar manner to that of comparable studies conducted in Tasmania by The
University of Tasmania. Each ‘species’ code consisted of their taxonomic group (sponge,
ascidian, bryozoan) and a number. In the case of sponges, their code was assigned based
on morphology (massive, fan, globular, etc). Three catalogues were created to assist with
the classification and identification of species scored during image analysis; Sponges,
Ascidians, and Bryozoans (Appendix A). There are currently 114 ‘species’ in the
catalogues (104 sponges, 3 bryozoans, and 7 ascidians), although not all have been scored
in the images as the catalogue was started before scoring began. These catalogues were
used to produce a species code file. The code file is made up of code points used to
assign a substrate-type or species to each of the 50 points overlaid onto each AUV image.
The scoring technique consisted of specifying a group of images (plot), defining
the boarder to the entire image, overlaying 50 random points, identifying the features
lying under each point, and saving the data. CPCe produces data in two forms that is
exported to Microsoft Excel worksheets. To perform the data analysis, one or more
scored image files were chosen to process and corresponding Microsoft Excel
spreadsheets were created. The data exported to Microsoft Excel was disaggregated at
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the individual image level and also presented as the aggregate of the 8 images contained
within the plot. This allows for statistical analysis to be conducted at both the image and
plot level. For each image or group of images, basic statistical analyses of the data such
as point frequency and percentage cover were created. In addition, a separate data
summary worksheet which contained statistics among images including mean, standard
deviation and standard error of category groups was generated.
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Figure 4. Map of New South Wales South Coast and surrounds. Green dots represent
location of AUV sites.
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point assigned a code from code
file

Three way fully nested
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species richness
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correlation matrix
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Multiple
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using Moran’s
I

Not detected

Detected

Figure 5. Methodology overview flowchart from data collection to statistical analysis.
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(a)

(b)

Figure 6. The AUV Sirius (a) being retrieved aboard the RV Challenger offshore of the
Tasman Peninsula, Tasmania and (b) schematic diagram (IMOS, 2012).

Site

Latitude (Origin)

Longitude (Origin)

Distance Travelled (m)

Maximum Image
Depth (m)

Minimum Image
Depth (m)

Average Image
Footprint (m)

Site 1

-35.5331

150.4327

4590.4

43.7

27.5

1.62 x 1.30

Site 2

-35.5675

150.4027

3365.5

32.4

21.1

1.60 x 1.28

Site 3

-35.6361

150.3653

3688.9

36.2

18.5

1.61 x 1.29

Site 4

-35.7557

150.2751

3180.4

29.7

19.8

1.68 x 1.34

Site 5

-35.9685

150.1747

4077.1

38.2

28.6

1.58 x 1.26

Site 6

-35.0912

150.1531

3729.5

34.2

25.7

1.63 x 1.31

Table 2. Key summary statistics for the Batemans Marine Park AUV survey. The latitude and longitude at the start of the dive
(origin), total distance travelled by the AUV, the maximum and minimum depths at which images were collected, and the average
image footprint at each site surveyed in BMP.
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Figure 7. Example track file of AUV flight pattern. AUV Site 4 in Batemans Marine
Park. Each site is composed of three dense 25x25m grids. During flight, images were
collected approximately every 0.4m.

Figure 8. Subsampling Design. Each 25x25 m grid contained four 6x6 m plots.
Randomly placed points determined the images that were included in analysis.

Chapter 2: Methods

38

Figure 9. Image analysis using CPCe. 50 points were randomly distributed over each
image to estimate species richness and percent cover.
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Analysis of Spatial Scale

Sampling Design
Four of the six sites were used in the spatial scale analysis as grids at the other
sites were not representative of typical sessile invertebrate habitat. These grids had
minimal to no sessile invertebrate cover and were dominated by kelp and sand.
Therefore, only Sites 1, 3, 4, and 5 were used to investigate the spatial scale over which
sessile invertebrate assemblages vary.

Statistical Analysis
A three-way full nested analysis of variance (ANOVA) was used to examine
variation in percent cover and species richness of sessile invertebrates using GMAV5
software (University of Sydney) across spatial scales. This analysis determined if there
were significant differences in assemblage composition at the scales sampled. Analysis
was performed treating ‘Location’ as a random factor with four levels. ‘Grids’ were
random with eight levels and nested within location. Plots were random and nested
within ‘Grid’ and ‘Location’. Normality was assessed visually and homogeneity of
variance was assessed with Cochran’s C test prior to performing ANOVAs. If Cochran’s
C was significant, the data were transformed using ArcSin.
In order to compare the relative importance of individual factors and their
interactions, the magnitude of effects for each factor in the ANOVA was calculated by
decomposing each factor into its variance components (Graham and Edwards, 2001).
This analysis allows the researcher to estimate the combined importance of all factors of
interest as well as distinguish which factors explain the greatest variability. When more
than one factor is found to be significant, it may be impossible to determine which factor
is more important without presenting magnitude of effects. The interpretation of
ecological data is enhanced through the use of magnitude of effects (Graham and
Edwards, 2001).
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Habitat Surrogates of the Benthos
Habitat Variables and Design
Using Sirius multibeam data at a 1 m resolution, ArcGIS 10.0 was used to
calculate a number of habitat variables to test their ability to explain variation in sessile
invertebrate assemblages at multiple scales. The habitat variables were divided into two
groups; 1) measures of terrain variability and 2) measures of position in space. Measures
of terrain variability include vertical relief, bathymetric variance, rugosity (Figure 11)
and slope. These measures account for the structural complexity of the reef. Measures of
position in space refer to the location of a site in regards to its surrounding environment,
such as depth and aspect. ESRI’s Spatial Analyst and Jenness’ extensions (Jenness,
2009) to ArcGIS were used to compute vertical relief, bathymetric variance, rugosity,
aspect, and slope.
Terrain variability measures are recognised as valuable tools for delineating
regions that provide a distinct habitat. These analyses may provide appropriate surrogate
measures to determine areas of high biodiversity. I calculated four terrain variables:
(i) Vertical Relief provides a quantitative measure of the difference in bathymetry
at a given scale. The minimum depth was subtracted from the maximum depth at the
1x1, 6x6, and 25x25 m scales. Vertical relief provides a measure of habitat complexity,
with complex sites having a greater vertical relief than less complex sites.
(ii) Bathymetric Variance provides a quantitative measure of terrain variability at
a given scale. This was determined by the standard deviation in bathymetry at the 1x1,
6x6, and 25x25 m scales. Areas with greater standard deviations of depth indicate areas
of greater habitat complexity.
(iii) Rugosity provides a quantitative measure of terrain variability over a given
scale. It is calculated by the ratio of the surface area divided by the 2D planar area.
Fauna are often associated with changes in geomorphological features and rugosity has
been shown to account for much of the observed variability governing the spatial
distribution of benthic habitat (Brown et al., 2002, Edwards et al., 2003).
(iv) Slope provides a quantitative measure of the rate of change in bathymetry
over a particular scale. Areas with greater slope may indicate areas of habitat
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complexity. Slope may offer an indirect measure of suitable positions in relation to
currents, which vary in connection with slope (White, 2006) and supply food.

Measures of position in space account for the location of a site in regards to its
surrounding area. I calculated two position in space measures:
(i) Depth provides a quantitative measure extracted from bathymetric data. In
previous benthic studies, depth has been a consistently powerful explanatory variable
(Gray, 2001).
(ii) Aspect or orientation of seabed terrain is the direction of the steepest slope at
the centre of the scale considered. It provides a quantitative measures of the degree to
which a specific location is exposed or sheltered from currents from a particular direction
at a particular scale. Aspect is considered a general variable that is connected to local
and regional hydrodynamics where benthic currents provide food for sessile fauna.
Aspect has been explained as a key driver for suitable coral habitat (Dolan et al., 2008),
and may also be an important variable in structuring sessile invertebrates assemblages.
Habitat variables were examined at two scales, 25x25m (grid, n=15) and 6x6m
(plot, n=60) (Figure 10). Three of the 18 grids were not included in the analyses because
they did not contain any sessile invertebrates as the benthic cover was made up entirely
of sand. At the grid scale habitat variables were calculated from a midpoint of each grid
using the focal statistic within ArcGIS Spatial Analyst. Assemblage data were derived
from the mean abundance and species richness of the 32 images analysed within each
grid. At the plot scale habitat variables were calculated from a midpoint within the plot.
The assemblage data were calculated as the mean species richness and relative abundance
of the eight images analysed within each plot.
Statistical Analysis
As terrain variability measures at both spatial scales were correlated, a pearson’s
correlation matrix was calculated to determine which terrain variability measure
explained the most variation in sessile invertebrate relative abundance and species
richness. Once identified, prior to analysis, another pearson’s correlation matrix was
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calculated to assess multicollinearity between potential model variables. As the final
models contained very few variables, multicollinearity was never an issue.
Relationships between habitat variables and sessile invertebrate species richness
and relative abundance were explored using multiple regressions. However, due to the
hierarchical sampling design, where each location was made up of three grids and each
grid contained four plots, spatial autocorrelation was suspected and assessed using
Moran’s I. Spatial autocorrelation was apparent in the residuals for all models except
sessile invertebrate abundance at the grid scale. Generalized additive mixed models
(GAMMs) were employed to address the hierarchical nature of the data, as they allow for
correlation between the observations and nested data structures. This allowed the
addition of “Location” as a random effect at the grid scale and “Grid” as a random effect
at the plot scale. Sessile invertebrate relative abundance values were found to be
independent of one another at the grid scale, therefore a multiple regression analysis was
employed. Prior to analysis, species richness and relative abundance data were tested for
normality and SQRT transformed when necessary.
To model sessile invertebrate abundance and diversity at the plot scale, and
diversity only at the grid scale, three GAMMs with a Gaussian distribution were
constructed using R 2.11 (R Development Core Team 2010) and the gamm function
within the mgcv R package. A multiple regression model was constructed for sessile
invertebrate abundance at the grid scale because no spatial autocorrelation was found in
this model. All non-linear variables contained smooth splines (k=3), whilst variables
exhibiting linearity were first graphically examined and then re-analyzed as fixed
variables with no smooth term. To select the most parsimonious model (minimum
adequate model) a step-forward procedure was used beginning with the simplest model
and ending with the most complex including all habitat variables and their interactions.
The model with the lowest Alkaike’s information criteria (AIC), corrected for small
sample sizes, was regarded to be the most parsimonious and the minimum adequate
model. To ensure GAMMs accounted for spatial autocorrelation, Moran’s I of the
residuals for the best-fit models were also examined.
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Grid Level Design:
Habitat variables were calculated from a
midpoint within each grid (25x25m).
Assemblage data were the mean relative
abundance and species richness
calculated from the 32 images analyzed
within each grid.

Plot Level Design:
Habitat variables were calculated from a
midpoint within each plot (6x6m).
Assemblage data were the mean relative
abundance and species richness
calculated from the 8 images within each
plot.

Figure 10. Design of habitat variable calculations at the grid and plot scales
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Vertical Relief:
The maximum depth subtracted from the
minim depth within a given
neighbourhood.

Bathymetric Variance:
The standard deviation of the
bathymetric values within a given
neighbourhood.

Rugosity:
The ratio of surface area to the 2D planar
area. The surface area is derived from
calculating a series of triangles from the
centre cell to the surrounding 9 cells.
The sum of the 8 triangles determine the
surface area

Figure 11. Comparison of three terrain variability measures; vertical relief, bathymetric
variance, and rugosity. Images modified from Jenness (2009).
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Chapter 3
Results

In total, 99 species of sessile invertebrates were encountered on temperate rocky reefs
in Batemans Marine Park. Sponges dominated the sample with 88 of the 99 species with
both encrusting and massive forms. Other recorded sessile invertebrates include 7 ascidian
species and 4 bryozoan species. Within sponges, encrusting forms were the most common
with 22 species observed (Figure 14). Sessile invertebrate species richness in each image
ranged between 0 and 8 species and percent cover ranged between 0 to 68%. Of the 72 plots
analysed, sessile invertebrates were present in all but 8. The reefs were predominately
covered with encrusting and turfing algae along with coarse sand. Sites 1 and 4 generally had
greater abundance and species richness than Sites 3 and 5 (Figures 12 and 13).

Analysis of Spatial Scale
Sessile invertebrate assemblages differed at all scales investigated, including location
(5-25km), grid (100’s of metres), and plot (>1 metre). The relative contribution to variation
for both relative abundance and species richness was greatest at the smallest scale, between
images (<1 m). When sponges were investigated on their own, very similar results were
found, indicating that sponges were the main driver of assemblage variation over a number of
spatial scales (Table 4).
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Location
Sessile invertebrate assemblages were significantly different among locations
(F3,336=4.08, P=0.001), which ranged from 5 to 25km apart and spanned approximately 55 km
from Site 1 to Site 5. A strong pattern of aggregation at the location level was evident
through MDS plots of both invertebrates and algae cover (Figure 15) and invertebrates on
their own (Figure 16), which indicates that while algae are a contributing factor to the
variation among locations, sessile invertebrates alone play a significant role.
There were significant differences in both ecological variables at the scale of location.
The scale of location contributed 22% to total variation in sessile invertebrate abundance and
37% to total variation in species richness (Table 4).

Grid
At the scale of grid (100’s of metres), sessile invertebrate assemblages were
significantly different (F8,336=4.35, P=0.001). A clear pattern of aggregation was visualized
in MDS plots (Figures 15 and 16).
There was a significant difference in sessile invertebrate species richness, but not in
relative abundance. The grid scale contributed relatively little to overall variation of sessile
invertebrate species richness (12%) and abundance (17%) (Table 4).

Smaller scale variation
Among plots, sessile invertebrate assemblages differed significantly (F36,336=3.80,
P=0.001).
There were significant differences in sessile invertebrate species richness and
abundance at the scale of plot (>1 metre). The scale of plot contributed 26% to total variation
in species richness. Although there was a significant difference in relative abundance, the
contribution to variation was relatively low with just 8%. The smallest spatial scale, among
individual images (<1 metre) contributed the most to total variation in species richness (39%)
and abundance (39%) (Table 4). The variation of species richness was similar at distances of
1m (image) to distances of 100s of m (location).
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Figure 12. Mean (±sem) sessile invertebrate abundance (% cover) of each plot, n=8

Chapter 3: Results

Figure 13. Mean (±sem) sessile invertebrate species richness of each plot, n=8

48

Chapter 3: Results

49

Figure 14. Summary of the number of species of each sponge form observed across all sites
in BMP.

Invertebrate ID
Bryozoan 2
Cup 1
Encrusting 11
Encrusting 13
Encrusting 14
Encrusting 2
Encrusting 7
Massive 10

Site 1 Site 3
5
3
2
1

1
2

Site 4

5
3
1
2
4

Site 5
3
5
1
4
2

4

Table 3. Sessile invertebrate species (ranked in order of importance as determined by the
SIMPER procedure) that contributed most to the similarities within a site.
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S1GA = Site 1, Grid A

Figure 15. MDS plots of grid averages using untransformed data examining all biological
cover.

S1GA = Site 1, Grid A

Figure 16. MDS plot of grid averages using untransformed sessile invertebrate data.

Variable

Factor

SS

df

Cochran's C

MS

F

P

ω2

%

Transformation

Abundance

Location

5385.64

3

0.0646

1795.21

4.68

0.0359

29.41

22

ArcSin

Grid(L)

3067.05

8

383.38

2.03

0.071

16.18

12

Plot(G(L))

6812.87

36

189.25

3.65

0.0000

34.33

26

Residual

17441.34

336

51.91

51.91

39

Total

32706.9

383

Location

266.13

3

Grid(L)

94.31

Plot(G(L))

All Invertebrates

Species Richness
All Invertebrates

Abundance
Sponge

Species Richness
Sponge

Multivariate
All Invertebrates &
Algae

131.83
0.0594

88.71

7.52

0.0103

1.6

37

8

11.79

3.81

0.0025

0.72

17

111.34

36

3.09

1.82

0.0037

0.35

8

Residual

570.38

336

1.7

1.7

39

Total

1042.16

383

Location

4905.95

3

Grid(L)

2601.94

Plot(G(L))

None

4.37
0.0622

1635.32

5.03

0.0302

27.29

22

8

325.24

1.83

1.83

12.28

10

6403.2

36

177.87

3.42

3.42

31.46

26

Residual

17477.7

336

52.02

52.02

42

Total

31388.79

383

Location

200.88

3

Grid(L)

62.69

Plot(G(L))

ArcSin

123.05
0.0674

66.96

8.55

0.0071

1.23

36

8

7.84

0.0044

0.0044

0.47

14

80.84

36

2.25

0.0365

0.0365

0.19

6

Residual

502.63

336

1.5

1.5

44

Total

847.04

383

Location

1.692^5

3

56399

4.08

0.001

Grid(L)

1.107^5

8

13837

4.35

0.001

Plot(G(L))

1.1462^5

36

3183.9

3.8

0.001

Residual

2.8159^5

336

838.06

Total

6.761^5

383

None

3.38
None

Table 4. Summaries of the three factor nested ANOVA and Magnitude of Effects comparing abundance and species richness for all
invertebrates and sponges on their own
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Habitat Results
Habitat variables were calculated at two scales, grid (25x25m) and plot (6x6m). The
bathymetric data derived from the AUV Sirius revealed diverse variation in habitat
complexity over these scales in Batemans Marine Park. A Pearson’s correlation matrix
provided the habitat measures that explained the most variation in sessile invertebrates
relative abundance and species richness. Of the calculated habitat variables, only a small
number were a significant predictor of sessile invertebrate relative abundance and species
richness.

The effect of habitat at the grid scale
At the grid scale habitat complexity was a relatively strong predictor of sessile
invertebrate species richness and relative abundance (r2=0.31 and 0.50, respectively).
Species richness had a positive, linear relationship with bathymetric variance and a negative,
non-linear relationship with aspect (Figures 16 and 17, Table 5). The relationship between
species richness and aspect indicates that species richness gradually decreased among sites
displaying an overall aspect of 160-210 degrees, with a stronger negative relationship with
aspect over 210 degrees. Higher species richness at grids with an overall south-eastern to
southerly orientation was observed.
Habitat variables had the strongest relationship with relative abundance at the grid
scale (r2=0.50). Relative abundance had a positive relationship with bathymetric variance
(p>0.05), and a significant negative relationship with aspect.

The effect of habitat at the plot scale
Minimum adequate models for both species richness and relative abundance at the
plot scale (6x6m) had less explanatory power than at the grid scale (r 2=0.22 and 0.29,
respectively). Species richness and relative abundance had negative, linear correlations with
aspect with the highest values for both biodiversity measures in the south-eastern to southerly
orientation (Figures 19 and 21, Table 5). Vertical relief displayed positive linear
relationships with species richness and relative abundance at the plot scale (Figures 20 and
22, Table 5).
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Overall, both measures of terrain variability (bathymetric variance and vertical relief)
and measures of position in space (aspect) were important groups in explaining variation in
sessile invertebrate assemblages.

Model and terms
GAMM1: Species Richness
Aspect
Vertical Relief

Trans
SQRT

GAMM2: Relative Abundance
Aspect
Verical Relief

SQRT

GAMM3: Species Richness
Bathymetric variance
(s)Aspect

SQRT

n
60

Estimate F

SE

t

P

-0.002
0.275

0.001
0.076

-2.92
3.61

0.005
0.001

60
-0.006
0.582

Multiple Regression: Relative Abundance
Bathymetric variance
LN
Aspect

0.002
0.193

-2.94
3.01

0.154

3.63

13.13

1.116
0.006

2.24
-2.25

29.0

143.9

30.8

6.2

49.5

34.7

0.004
0.001

15
2.502
-0.013

AIC
38.4

0.005
0.004

15
0.556

r2
22.2

0.045
0.044

Table 5. Minimum adequate models for sessile invertebrate species richness and relative abundance at the plot (n=60) and grid (n=15) scales.
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Figure 17. Relationship between the square root of sessile invertebrate species richness
and aspect (degrees) at the grid scale (n=15). The non-linear relationship was found to be
significant using a generalized additive mixed model.

Figure 18. Relationship between the square root of sessile invertebrate species richness
and bathymetric variance (metres) at the grid scale (n=15). The linear relationship was
found to be significant using a generalized additive mixed model.
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Figure 19. Relationship between the square root of sessile invertebrate species richness
and aspect (degrees) at the plot scale (n=60). The linear relationship was found to be
significant using a generalized additive mixed model.

Figure 20. Relationship between the square root of sessile invertebrate species richness
and vertical relief (metres) at the plot scale (n=60). The linear relationship was found to
be significant using a generalized additive mixed model.
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Figure 21. Relationship between the square root of sessile invertebrate relative
abundance (% cover) and aspect (degrees) at the plot scale (n=60). The linear
relationship was found to be significant using a generalized additive mixed model.

Figure 22. Relationship between the square root of sessile invertebrate relative
abundance (% cover) and vertical relief (metres) at the plot scale (n=60). The linear
relationship was found to be significant using a generalized additive mixed model.

Chapter 4: Discussion

58

Chapter 4
Discussion, Limitations, and Conclusions

Marine protected areas (MPAs) have been promoted as a means to conserve
biodiversity (Agardy, 1994, Lubchenco et al., 2003) and fulfill marine conservation
criteria (Ward et al 1999). However, choosing the most influential areas for protection is
not easy partially because species distributions and the patterns that drive them are poorly
understood (Boersma and Parrish, 1999, Conroy and Noon, 1996). Also, competing
demands for resources such as fish, minerals, and oil, as well as complications caused by
national or state boundaries confuse the MPA planning process further (Ward et al 1999).
Australia developed goals to ensure the conservation of marine biodiversity. The primary
goal is to establish a comprehensive, adequate, and representative (CAR) network of
MPAs throughout Australia in order to protect marine biodiversity and maintain
ecological processes (ANZECC TFMPA, 1998).
Seabed habitat mapping has become a popular precursor to MPA design as it
provides researchers the data required to define biogeographic regions and encourages
the representation of habitat diversity and heterogeneity within regions. Mapping of the
seafloor at a range of spatial scales is used to identify the structure and distribution of
marine ecosystems and as surrogate measures of biodiversity for MPA planning. As
there is extensive time and cost associated with in depth biological surveys, alternative
means for estimating biodiversity are becoming increasingly popular. The use of habitats
derived from seabed mapping as surrogate measures for species diversity provides
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researchers a tangible tool, provided that the surrogates are appropriately examined
(Ward et al 1999).
Habitat surrogates assume habitats of a certain type are homogeneous, but this is
known to not always be the case (i.e. Winberg et al 2007). Within a habitat, patterns of
distribution occur at varying spatial scales. If the goal of an MPA is to meet the
requirements of the CAR principles, a representative sample of all taxa in the region must
be included within the protected area. To achieve this, conservation planners need to
understand the patterns, and spatial scale of those patterns, to ensure a collective sample
of taxa found in that habitat. If multiple samples throughout sites in the same habitat
contain the same taxa, then any site may be an adequate representation of the taxa within
that habitat. If samples vary significantly, however, then multiple sites that encompass
all taxa in the habitat are required to achieve comprehensiveness and representativeness.
The spatial scale of patterns is therefore an important consideration in helping planners
design a system that is effective and efficient.

The Challenge of Spatial Scale to MPA Design
This study found high variation among rocky reefs within 55 km along the NSW
south coast. There was significant variation at all scales examined, from <1 metre to 25
kilometres. Variability at the smallest scale, among images, contributed to the greatest
proportion (≥42%) of the total variation for both relative abundance and species richness.
These findings are similar to other studies that have reported that the smallest spatial
scale investigated was responsible for the greatest variation (Roberts and Davis, 1996,
Coleman, 2002, Roberts et al., 2006, Chapman and Underwood, 2008). Coleman (2002)
investigated the scales of variation among turfing algae assemblages and reported that
large scale (kilometres) processes have less effect on patterns of variability than those
occurring on smaller spatial scales (tens of centimetres). Chapman and Underwood
(2008) used artificial units of habitat in an attempt to separate effects of local differences
from broad-scale processes on rates of colonization of subtidal gastropods at scales of 20
cm to 4 km. All of the species they examined showed small-scale differentiation among
artificial units of habitat at the smallest spatial scale, with little additional variation in
numbers across scales from 1m to 4 km.
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Not only do these findings provide conservation planners with information that
will assist MPA planning, understanding the spatial scale at which sessile invertebrate
assemblages vary provides crucial background data for future ecological studies. It is
widely understood that natural assemblages are unpredictable and patchy. Understanding
this variability has been recognized as a necessary pre-cursor to experimental tests of
hypotheses about processes (Underwood, 2000). In order to begin to investigate which
processes drive change, natural patterns must first be observed. Without the
establishment of a context upon which processes can be gauged, manipulative
experiments to determine which processes are important have little merit (Underwood et
al., 2000). Sessile invertebrates may be highly vulnerable to anthropogenic and natural
disturbances. It is critical to measure natural patterns of spatial distribution in order to
understand how assemblages respond to disturbances (Roberts et al., 2006). In addition,
understanding the patterns at which assemblages vary is the first step towards creating
predictive models of the processes that produce patterns in assemblage. Predictive
models of the processes producing patterns in assemblages would be useful tools to
conservation planners as a way to quickly pinpoint areas of high conservation value.
Natural assemblage variability occurs at an array of spatial scales. Therefore, in
order to produce a valuable observational study, a hierarchy of spatial scales should be
investigated to not only understand patterns, but also understand the scale that is most
important in driving the patterns observed. Patterns are driven by abiotic and biotic
factors. This study focused on abiotic factors specifically related to habitat variables.
The availability and quality of habitats vary from place to place at scales from
centimetres to hundreds of kilometres (Bell et al., 1993). The distribution of habitats that
meet the needs of sessile invertebrates directly affects where they can settle, and thus
their patterns of distribution. The sizes, spacing, and structure of appropriate habitat
patches are important determinants of local populations and the rate and scale at which
they turnover.
Understanding patterns and the processes that drive change in the marine
environment can be difficult. There have been no serious attempts to investigate how the
structure of sponge populations is affected by larval ecology (Maldonado, 2006). Most
of what is understood about sponge larval dispersal is based on lab experiments and is
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heavily biased because most experiments involve just one of the eight known larval types
in the phylum Porifera (Maldonado, 2006). In general, invertebrate larvae often disperse
widely and the water-column that connects nearby populations may be used as a
dispersive medium by both larvae and adults (Scheltema, 1971), however this greatly
depends on the life history stragegies of particular species. My findings that sessile
invertebrates are most affected by change at a spatial scale of <1metre will allow future
studies to focus on what processes drive these changes. In turn, future studies can focus
on small scale processes that have been shown here to be the most significant of the
scales investigated (<1 metre to 25 kilometres).
The conservation implications of these findings suggest that in order to meet CAR
principles, multiple rocky reefs need to be protected to be a representative sample of all
sessile invertebrates. Within a habitat type, faunal assemblages change in taxonomic
composition along a distance or environmental gradient (Jablonski and Spepkoski, 1996).
Taxonomic turnover among reefs was significant enough to demonstrate that each rocky
reef is not the same and by protecting only one, conservation planners may reduce the
representativeness of sessile invertebrates within this habitat.
Taxa were widely dispersed across the sites investigated. At Site 1, 32.9% of the
taxa observed were only detected on that reef. At Site 3, 18.2% were unique to that reef,
while 10.4% were unique to Site 4, and 6% were unique to Site 5. In a similar study
conducted on tidal flats, Winberg et al. (2007) reported that although a full third of taxa
were found on one flat alone, the sites were still not significantly different from one
another. While this study found similar variation, the differences were significant enough
to conclude that no one rocky reef could be representative of other reefs in the 55 km
region from which I collected data. It is important for conservation planners to keep in
mind that including a representative sample of all taxa in the region includes not just
common taxa but rare taxa as well.
My work also revealed that taxonomic richness was much higher at Site 1 where
72% of all taxa detected were observed at this location. In addition, Site 1 also had
almost twice the relative abundance of sessile invertebrates than Sites 3 and 5 and just
12% less than Site 4. The combination of high species diversity and relative abundance at
Site 1 may qualify it to be considered a ‘hotspot’ of biodiversity. Hotspots are a popular
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means for establishing areas of high priority when planning MPAs that include multiple
levels of protection (Myers et al., 2000). Although hotspots are a desirable, seemingly
easy choice for deciding on sanctuary zone placement, rare and patchy species must not
be overlooked.

Habitat Surrogacy
The use of surrogates has become a popular means to estimate biodiversity due to
the extensive costs and time constraints involved in conducting in depth biological
surveys in the marine environment, as well as poorly resolved taxonomy of taxa that are
difficult to identify. Habitat variables have been used as surrogate measures for
biodiversity because variation and structure of marine ecosystems play an important role
in determining the ideal habitat for a species. Habitat variation and structure may provide
shelter from physical stress, predators, and interfering competitors, as well as alter
resource availability and acquisition (Friedlander and Parrish, 1998).
Many studies that have taken place in the marine environment focus on fish
assemblages, and the few that have investigated sessile invertebrate assemblages have
primarily been conducted in the deep sea (114-1200m). In total, four studies have
focused on the relationship between sessile invertebrate assemblages and habitat
variables using remote sensing techniques (Schlacher et al., 2007, Dolan et al., 2008,
Guinan et al., 2009, Rees, 2009). These studies have reported significant correlations
between habitat variables, both terrain variability measures and position in space
measures, for sessile invertebrate assemblages in deep sea environments (Schlacher et al.,
2007, Dolan et al., 2008, Guinan et al., 2009) and on temperate rocky reefs (Rees, 2009).
Here, I determined that a combination of terrain variability measures and position
in space measures were strong predictors of sessile invertebrate species richness and
relative abundance at the grid scale (25x25m) and to a lesser extent at the plot scale
(6x6m). At the grid scale, the best models for predicting species richness and relative
abundance included bathymetric variance and aspect. Together these variables explained
31% of the variation in sessile invertebrate species richness and 50% of the variation in
relative abundance of these taxa. At the plot scale, the best models included vertical
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relief and aspect. These habitat variables explained 22% of the variation in species
richness and 29% of the variation in relative abundance.
Terrain variability measures have been documented as having strong relationships
with sessile invertebrate assemblages (Schlacher et al., 2007, Dolan et al., 2008, Guinan
et al., 2009, Rees, 2009). Both terrain variability measures that were significant in this
study, vertical relief and bathymetric variance, provide a quantitative measure of terrain
variability at a given scale. Greater values of vertical relief and bathymetric variance
indicate areas of greater habitat complexity. Differences in sessile invertebrate
abundance between highly complex reefs and reefs with low complexity can be attributed
to variation in abiotic factors. Temperate reefs with different levels of topographic
complexity have different physical environments in terms of light, water motion,
sediment cover, depth and slope of substrate, which may all contribute to changes in
assemblages (Toohey, 2007). Greater complexity may provide greater food resources,
reduced access to predators (Davis et al., 2003), and reduced likelihood of sediment
inundation (Knott et al., 2004). This is demonstrated in Site 1, which had the greatest
vertical relief and also both the greatest number of species and the most species unique to
that location.
Previous studies have reported significant relationships between sessile
invertebrate assemblages and terrain variability measures. Rees (2009) reported that on
temperate rocky reefs, vertical relief of a reef within a 100m radius explained 38% of the
variation in abundance and 54% of the variation in sessile invertebrate diversity.
Schlacher et al. (2007), Dolan et al. (2008) and Guinan et al. (2009) have investigated
terrain variability measures as potential surrogates in the deep sea. Dolan et al. (2008)
and Guinan et al. (2009) both reported that slope and rugosity significantly influenced
deep sea coral abundance. In submarine canyons off southeastern Australia, Schlacher et
al. (2007) reported that topographic relief significantly affected sponge assemblages.
Position in space measures, such as depth, bathymetric position index, and aspect,
have also been reported to significantly influence coral and sessile invertebrate
assemblages (Dolan et al. 2008; Guinan et al. 2009). In my study, higher species richness
at grids with an overall south-eastern to southerly orientation was observed. Aspect, or
orientation of seabed terrain, provides a quantitative measure of the degree to which a
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specific location is exposed or sheltered from currents from a particular direction at a
particular scale. Its influence on sessile invertebrate assemblages is likely a consequence
of hydrodynamics where benthic currents supply food for suspension-feeding fauna. Due
to the complexity of hydrodynamic processes at a variety of scales in space and time,
aspect should only be considered a general proxy variable (Dolan et al 2008).
Dolan et al. (2008) reported that the bathymetric position index, as well as other
measures of orientation, as a top driver of suitable coral habitat. Cold-water corals
preferred SW-facing terrain at the study site which was consistent with the direction of
the predominant current (Dolan et al. 2008). Guinan et al. (2009) also reported aspect
and bathymetric position index to be significantly correlated with % coral cover while
Schlacher et al. (2007) determined that sponge species richness declined with depth.
Factors that influence food supply, including bathymetric position index, aspect, and
structural complexity (Dolan et al. 2008) are important drivers for sessile species as they
depend on currents to bring them food and perhaps dislodge sediment from their surfaces.
While I found aspect to be a significant predictor of sessile invertebrate species
richness and relative abundance, bathymetric position index and depth were not. The
lack of correlation between depth and sessile invertebrate assemblages in this study may
be because the range of depths examined was not that great. While Schlacher et al.
(2007) investigated submarine canyons at depths ranging from 114 to 612 m, it was not
expected that depth would have a significant influence on sessile invertebrate
assemblages in my study given the relative narrow depth range (18 to 42 m) that I
examined.
Studies conducted in the deep sea (Dolan et al., 2008, Guinan et al., 2009)
reported significant relationships between bathymetric position index (BPI) and coral
cover. However, the two studies conducted on temperate rocky reefs; my study and that
of Rees (2009), did not find BPI to be significant. Dolan et al. (2008) and Guinan et al.
(2009) reported greater coral abundance in topographically high regions, or crests,
compared to lower regions, or troughs. A topographically high position would supply the
sessile animals with a greater influx of nutrients to support growth through benthic
currents. Rather than attributing these differences to changes in depth, these
inconsistencies are more likely caused by differences in methodology and scales in which
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the bathymetric position was calculated. In this study, the use of bathymetric data
derived from an AUV prohibited larger scale habitat calculations to be assessed. This
limited the calculation of BPI because without bathymetric data for the entire reef, it was
unclear where a sample image was located topographically in regards to its surrounding
neighbourhood.
The fact that studies with different methodologies came to similar conclusions
reinforces the argument that habitat variables may be significant predictors of sessile
invertebrate assemblages. Dolan et al. (2009) and Guinan et al. (2009) employed various
window sizes to calculate habitat variables, while my study and that of Rees (2009)
calculated habitat variables within a neighbourhood. Dolan et al. (2009) and Guinan et
al. (2009) calculated habitat variables from a centre cell based on deviations in the
surrounding eight adjacent cells. My study, as well as Rees (2009), used a more detailed
method by calculating terrain variability measures for a centre cell in regards to its
surrounding ten’s of cells, depending on which scale was being investigated. At the plot
scale, habitat calculations were based on the surrounding six cells around a midpoint and
at the grid scale the surrounding 25 cells. Due to the design of the AUV path, 25x25m
was the largest scale possible. All studies attribute the patterns of sessile invertebrates to
their ability to take advantage of ideal positions within the reef and occupy more space in
habitats with greater complexity.
Habitat mapping has demonstrated its ability to meet the necessary first steps
required to plan an effective MPA. In depth biological surveys are costly and time
consuming in the marine environment, therefore surrogates for biodiversity must be used
in their place and in conjunction with baseline studies such as this one. Advances in
technology, such as the autonomous underwater vehicle, have provided researchers with
the tools necessary to execute valuable baseline studies and expand the underwater area
that has been previously mapped.

Limitations and Future Research
Key limitations in my study relate to the sampling methodologies used to estimate
sessile invertebrate assemblages and habitat variables. Although there are many
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advantages associated with the use of still photographs to study the marine benthos, some
limitations exist as well. Assemblage variables may have been underrepresented in
habitats that have characteristics that may impair the researcher’s ability to detect sessile
invertebrates and other benthic fauna. For example, many images contained complex
rocky reef environments with cracks, crevices, and slopes hidden from view. There were
also some images that were predominately macro algae covering the view of what may
lie beneath. However, these two habitats were rare and did not dominate the sample.
Some grids (25x25 metres) were predominantly macroalgae or sand with little to no reef
cover. In order to maintain a balanced sampling design, the locations (Sites 2 and 6) that
included a grid that was not over a rocky reef were not included in the spatial scale data
set.
It has been suggested that evaluating sponge abundance by volume or biomass
provides a better basis to interpret influences on distribution and abundance as the
interpretation of percentage cover depends on the growth form of the individuals (Wulff,
2012). While this may be the case, this study focused on using the latest technology
available to investigate patterns and distributions as well as potential surrogates for
measuring biodiversity. While in depth biological surveys are ideal, detailed surveys at a
large scale are not realistic, particularly in deep water (>25m) and images collected from
the AUV can be used as a faster and cheaper, and therefore more cost effective, way to
collect biological information that has been lacking in MPA design.
While the AUV provided bathymetric data at a very small scale, which was
critical to this study, in practice it may be more beneficial to combine the high quality
images of the AUV with larger scale sidescan sonar. The sidescan sonar collects
bathymetric data at a larger scale and covers a much wider area than the AUV. For
example, in Batemans Marine Park sidescan sonar bathymetric data covers over 100
kilometres while the AUV data covers just over 10 kilometres. The use of sidescan sonar
would be more practical for MPA planning purposes. In this study, some habitat
variables could not be investigated due to the limited coverage provided by the AUV.
Distance to sand and bathymetric position index, which may be important factors in
predicting sessile invertebrate distribution and abundance, could not be accurately
determined using the relatively limited AUV coverage.
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Unfortunately the identification of species was not feasible in this study although
future studies would benefit from more precise classification. Possible future research
may include expanding research from investigating abiotic factors on their own to
incorporating ecological interactions into surrogate studies. While habitat variables have
been shown to be appropriate surrogates for estimating sessile invertebrate distribution
and abundance, ecological interactions also influence the diversity of assemblages
(Wulff, 2012). How individuals interact and compete for resources may limit or
encourage others to settle. Some species are predictable in that they are always seen with
another, such as the stalked ascidian Pyura spinifera and the encrusting sponge that
covers it (Davis et al., 1996). When examined together, understanding the abiotic factors
and ecological interactions that influence distribution and abundance will provide
conservation scientists greater biological understanding and thus help create more
effective protected areas.
This research should be expanded upon with the implementation of temporal
studies. In addition to spatial variation, temporal variation must also be understood when
the goal is a productive, well managed MPA. Some species of sessile invertebrates are
more vulnerable to disturbance, such as those that experience long life histories and live
in one location for decades. It is important to monitor these species in order to
understand patterns of sessile invertebrates assemblages and use this information for
better MPA design and management. The goals of the IMOS AUV Facility should allow
for future research that can build upon the data collected in this study.
Restrictions established by Batemans Marine Park (BMP) commenced in June
2007. The park primarily consists of sanctuary, or no take, zones, habitat protection
zones, and general use zones. The park design allows for monitoring and evaluation
among the different zones and the restrictions associated with each one. While this study
sampled sessile invertebrates equally inside and outside sanctuary zones, MPAs are
designed as a long-term solution. MPA effectiveness has been demonstrated around the
world, but only after years, and more often decades, of enforcement (Russ and Alcala,
2004, Shears et al., 2006, Stobart et al., 2009). Sanctuary versus non-sanctuary zones
will be an important focus in the future, however BMP is still too new to demonstrate
significant variation among protection levels. The data acquired in my study will prove
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useful for future assessments of sessile invertebrate assemblages among protected levels
and whether changes are due to natural or anthropogenic drivers.

Conclusion
MPAs have historically been designed in an ad hoc or opportunistic fashion
(Avery, 2003, Pressey, 1994). Fortunately, this has been changing due to advances in
technology and the growing desire and importance to protect marine biodiversity. This
study builds on previous studies by providing evidence of how MPA planning can be
improved through the use of habitat mapping. I found that habitat variables collected
through remote, automated, and efficient methods can be used as a surrogate measure for
biodiversity. This will help MPA planners and managers to create and maintain effective
MPAs. Habitat variables were most successful at predicting sessile invertebrate species
richness and relative abundance at the larger scale investigated (25x25m). The best
models for predicting species richness and relative abundance included bathymetric
variance and aspect. I recommend the use of relatively large scale habitat mapping
acquired through sidescan sonar, and habitat variables bathymetric variance and aspect to
determine the areas of greatest sessile invertebrate biodiversity.
The conservation implications of these findings suggest that the inclusion of
several rocky reefs within sanctuary zones is required in order to achieve CAR principles.
The smallest spatial scale investigated, <1 metre, was responsible for explaining the
greatest proportion of variability (≥42%) in sessile invertebrate species richness and
relative abundance. Australia is one of the world’s leading nations in marine
conservation management. To continue success and meet the goals of the CAR
principles, which were put in place in order to ensure the conservation and sustainable
use of Australia’s marine and estuarine environments, further research is necessary.
Understanding patterns of sessile invertebrate assemblages allows researchers to establish
predictive models of the processes that drive variation, which will improve the ability to
choose the best locations for MPAs. This study provides future researchers with the
background data necessary to conduct temporal studies with a view to understand
processes that drive variation in sessile invertebrate assemblages.
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Encrusting

043827 1

Encrusting 1 orange - Tedania
anhelans

044718 1

Encrusting 1 orange

044135 1

Encrusting 1 orange

044532 1

Encrusting 2 orange

042100 1

063617

Encrusting 2 orange

Encrusting 2 orange
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043808 1

Encrusting 3 light orange

043827 3

Encrusting 4 purple

044857 1

Encrusting 3 light orange

044553 1

Encrusting 5 purple

044248 1

Encrusting 6 beige

044604 1

Encrusting 6 beige
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043827 2

Encrusting 7 blue

042452 1

Encrusting 7 blue

033258
044857 2

Encrusting 9 brown holey

Encrusting 8 brown

042452 2
193820

Encrusting 10 brown

Encrusting 11 dark brown
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044718 2

042647 1

Encrusting 11 dark brown
c.f. Niphates sp.

Encrusting 11 dark brown

063617

Encrusting 13 Red
063617

Encrusting 12 brown

070046

Encrusting 14 Purple

042230 1

Encrusting 13 brown
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035520 1
193820

Encrusting 15 blue holey

Encrusting 16 yellow
Darwinella?

070637
035210 1

Encrusting 18 light orange

Encrusting 17 orange

063553

Encrusting 19 brown

064722

Encrusting 20 brown/orange
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193108

Encrusting 22 brown

065031

Encrusting 21 brown

192925
192935

Encrusting 23 Pink

Encrusting 22 brown

202402

Encrusting 24 white or dead pink paint
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Cup

042531 1
044248 2

Cup 1 purple

Cup 1 purple

041918 1
042531 2

Cup 1 purple

Cup 1 purple
c.f. Cymastella concentrica

044011 1

Cup 1 purple
044646 1

Cup 1 purple
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043213 1

Cup 2 purple
Strepsichordaia caliciformis

044248 3

044532 2

044857 3

Cup 3 brown deep

Cup 3 brown thick

Cup 4 grey

035210 2
041918 2

Cup 4 grey thick

Cup 4 grey thick
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035210 3
044317 1

Cup 5 red deep

Cup 5 red deep

044604 2

Cup 5 red

035842 1

Cup 6 red thick

042202 1

Cup 6 grey thick
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Arborescent

043836 1

Arborescent 1 purple flat

043808 2

Arborescent 1 purple flat

044532 3

Arborescent 2 purple

042230 2

Arborescent 2 purple

035842 2

035520 2

Arborescent 3 blue

Arborescent 3 blue

86

Appendix A: Sponge Identification Catalogue

201223

Arborescent 4 orange

043808 3

Arborescent 6 red

035520 3

Arborescent 5 orange

044011 2

Arborescent 6 red

043808 4

035520 4

Arborescent 7 orange

Arborescent 8 blue
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042100 2

042452 3

Arborescent 9 beige thick

Arborescent 9 beige thick

070334

Arborescent 10 orange

070334

Arborescent 10 orange

032449

032449

Arborescent 12 Yellow

Arborescent 13 Red
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032546
032449

Arborescent 13 Red

Arborescent 14 Orange
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Fan

043827 3

042531 3

Fan 1 purple

Fan 1 purple

042942 1

Fan 2 orange holey

035210 4

Fan 2 orange holey

022928

Fan 3 frilly

070505

Fan 4 Red
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044532 4

Fan 5 white holey

044135 2

043808 5

044317 2

Fan 6 orange thin

070637

Fan 8 brown

Fan 5 brown holey

Fan 7 white curvy

91

Appendix A: Sponge Identification Catalogue

92

Globular

044532 5
010147

Globular 2 red - Tethya sp.

Globular 1 Yellow

044011 3

042230 3

Globular 3 orange

Globular 4 beige, or bryozoan
004407

Globular
5 beige

231055

Globular 5 beige
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035007 1

035947 1

Globular 6 white

Globular 7 brown

231538

Globular 8 yellow
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Lumpy

042202 2
035947 2

Lumpy 1 white

042202 3

Lumpy 3 white

Lumpy 2 orange

042647 2

Lumpy 4 light pink

043213 2

035520 5

Lumpy 4 white

Lumpy 5 orange holey
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042647 3
041918 3

Lumpy 7 white

Lumpy 6 brown thick

041313 1

Lumpy 8 yellow
Darwin’s?

041333 1

Lumpy 9 beige thick

044135 3
035947 3

Lumpy 10 grey

Lumpy 10 grey
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034320

033552

Lumpy 11 light brown holey

Lumpy 11 light brown holey

063612

070046

Lumpy 12 beige

Lumpy 13 Orange

064513

Lumpy 14 brown
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064513

035328 1

Lumpy 15 red

Lumpy 15 red

193533

Lumpy 17 Orange
194637

Lumpy 16 orange

192925

191528

Lumpy 18 yellow

Lumpy 19 White
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023811

Lumpy 20 yellow

023158

Lumpy 20 yellow
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Massive

044135 4

Massive 1 orange flat

044553 2

Massive 1 orange flat

040145 1

Massive 1 orange frilly 035820 good ex.

044248 4

c.f. Anchorina

Massive 1 orange

041918 4

064722

Massive 1 orange

Massive 2 holey
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043836 2
064105

Massive 3 pink holey

Massive 2 holey
With something else

035210 5

Massive 4 orange

040145 2

Massive 4 orange
231257

Massive
5 brown

035842 3

Massive 4 orange
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010536

044248 5

Massive 6 orange

Massive 7 brown

035328 2

035210

Massive 7

Massive 8 brown

044532 6

Massive 8
035328 3

Massive 8 brown bumpy

101

Appendix A: Sponge Identification Catalogue

044604 3

035657

Massive 9 brown holey

Massive 9 brown holey

033258

Massive 9 brown holey
032344

Massive 9

035657

065313

Massive 9 brown holey

Massive 10 brown

102

Appendix A: Sponge Identification Catalogue

064722

044317 3

Massive 10 brown

Massive 11 brown

042202 4

Massive 12 beige

035210 6

Massive 13 brown thin

040145 3

Massive 13 brown thick

070340

Massive 14 white
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042209 1

Massive 14 white holey

041918 5

Massive 14 white holey
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Papillate

035210 7

Papillate 1 tan

191603

Papillate 3 white

063553

Papillate 2 brown
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Tubular

042100 3

042531 4

Tubular 1 white

Tubular 1 white

035210 8

Tubular 1 white

043213 3

Tubular 1 white

065120

Tubular 2 white
035328 4

Tubular 2 white clustered
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040145 4

040145 5

Tubular 3 dark brown

Tubular 4 brown

042452 4

035210 9

Tubular 5 white holey

Tubular 5 white holey

043808 6

Tubular 6 Red

107

Appendix B: Bryozoan Identification Catalogue

Appendix B: Bryozoan Identification Catalogue

070340
065719

Bryozoan 2

Bryozoan 1

064037

Bryozoan 4
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043213 4

Ascidian 1 - Polycitor giganteus

035517
Ascidian 2 - Botrylloides magnicoecum

064507

Ascidian 4 - Cnemidocarpa pedata

044248 6

Ascidian 2 - Botrylloides magnicoecum

Ascidian 3

035947

Ascidian 4 - Cnemidocarpa pedata
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070125
044857 4

Ascidian 5

032344
Ascidian 7 - Eudistoma?

Ascidian 6 - Pyura spinifera
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Identification
Encrusting 13
Encrusting 14
Ascidian 6
Encrusting 11
Arborescent 2
Massive 8 (Mas8)
Encrusting 2 (Enc2)
Arborescent 3 (Arb3)
Lumpy 12 (Lum12)
Massive 10 (Mas10)
Cup 1 (Cup1)
Massive 4 (Mas4)
Massive 1 (Mas1)
Ascidian 4 (Asc4)
Massive 9 (Mas9)
Bryozoan 2 (Bry2)
Arborescent 1 (Arb1)
Fan 12 (Fan12)
Fan 5 (Fan5)
Cup 4 (Cup4)
Cup 7 (Cup7)
Cup 2 (Cup2)
Fan 2 (Fan2)
Fan 1 (Fan1)
Lumpy 10 (Lum10)
Fan 14 (Fan14)
Lumpy 19 (Lum19)
Cup 3 (Cup3)
Lumpy 17 (Lum17)
Fan 17 (Fan17)
Encrusting 16 (Enc16)
Arborescent 13
(Arb13)
Arborescent 9 (Arb9)
Cup 6 (Cup6)
Lumpy 15 (Lum15)
Encrusting 24 (Enc24)
Lumpy 11 (Lum11)
Fan 11 (Fan11)
Papillate 1 (Pap1)
Encrusting 1 (Enc1)
Cup 8 (Cup8)

Site 1
Rank
Mean
1
2.67
2
2.33
2
2.33
3
2.17
4
2.00
5
1.92
6
1.67
6
1.67
7
1.58
8
1.50
9
1.42
10
1.33
10
1.33
10
1.33
11
1.25
12
1.17
12
1.17
13
1.00
14
0.83
14
0.83
14
0.83
15
0.75
15
0.75
16
0.58
17
0.50
17
0.50
17
0.50
18
0.42
19
0.33
19
0.33
19
0.33
19
19
19
20
20
20
20
20
20
20

0.33
0.33
0.33
0.25
0.25
0.25
0.25
0.25
0.25
0.25

Site 3
Rank
Mean
1
15.33

Site 4
Rank
Mean
4
2.92
1
22.50

5

0.75

8

0.92

2

2.08

2

5.42

13
15
16

0.42
0.25
0.17

11
13

0.58
0.42

6
15
17

1.33
0.25
0.08

12

0.50

16
15
17

0.17
0.25
0.08

9
9
9
9

8

0.08
0.08
0.08
0.08

0.17

10

0.67

8

0.17

12

0.50

4

1.00

14
7

0.33
1.00

15

0.25

6

0.50

Site 5
Rank Mean
1
6.58
8
0.58
13
14
13
3

0.17
0.08
0.17
1.42

11
12
8
6
7
14
10
4

0.33
0.25
0.58
0.92
0.67
0.08
0.42
1.33

13
9

0.17
0.50

14

0.08

11
13
13

0.33
0.17
0.17

2
9
13
14

1.58
0.50
0.17
0.08
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Identification
Fan 18 (Fan18)
Lumpy 13 (Lum13)
Lumpy 5 (Lum5)
Tubular 1 (Tub1)
Arborescent 10
(Arb10)
Encrusting 21 (Enc21)
Arborescent 12
(Arb12)
Encrusting 7 (Enc7)
Encrusting 10 (Enc10)
Encrusting 6 (Enc6)
Arborescent 14
(Arb14)
Fan 13 (Fan13)
Ascidian 7 (Asc7)
Cup 5 (Cup5)
Papillate 2 (Pap2)
Papillate 3 (Pap3)
Encrusting 3 (Enc3)
Lumpy 2 (Lum2)
Lumpy 6 (Lum6)
Tubular 5 (Tub5)
Encrusting 19 (Enc19)
Tubular 3 (Tub3)
Encrusting 17 (Enc17)
Encrusting 20 (Enc20)
Fan 4 (Fan4)
Globular 3 (Glo3)
Tubular 6 (Tub6)
Ascidian 8 (Asc8)
Bryozoan 6 (Bry6)
Encrusting 23 (Enc23)
Lumpy 20 (Lum20)
Bryozoan 4 (Bry4)
Lumpy 4 (Lum4)
Globular 7 (Glo7)
Encrusting 4 (Enc4)
Encrusting 22 (Enc22)
Encrusting 15 (Enc15)
Encrusting 18 (Enc18)
Globular 1 (Glo1)
Lumpy 3 (Lum3)
Fan 8 (Fan8)
Encrusting 9 (Enc9)

112

Site 1
Rank
Mean
20
0.25
20
0.25
20
0.25
20
0.25
21
21

0.17
0.17

21
21
21
21

0.17
0.17
0.17
0.17

21
21
21
22
22
22
22
22
22
22
22
22
22
22
22
22
22
22
22

0.17
0.17
0.17
0.08
0.08
0.08
0.08
0.08
0.08
0.08
0.08
0.08
0.08
0.08
0.08
0.08
0.08
0.08
0.08

Site 3
Rank
Mean

Site 4
Rank
Mean

7

0.33

17

0.08

8

0.17

3

1.33

5
9
13

2.50
0.83
0.42

16
17
17

0.17
0.08
0.08

16
17
17
17

0.17
0.08
0.08
0.08

17

0.08

17
16
17

0.08
0.17
0.08

3
11
16

4.33
0.58
0.17

14
14
15

0.33
0.33
0.25

9

0.08

9

0.08

9

0.08

9

0.08

Site 5
Rank Mean

9
11

0.50
0.33

14

0.08

11
14
14
14
14

0.33
0.08
0.08
0.08
0.08

5
10
11
12
12
12
13
13
13
13
14
14
14

1.00
0.42
0.33
0.25
0.25
0.25
0.17
0.17
0.17
0.17
0.08
0.08
0.08
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Identification
Lumpy 18 (Lum18)
Fan 3 (Fan3)
Globular 5 (Glo5)
Massive 2 (Mas2)
Ascidian 1 (Asc1)
Arborescent 4 (Arb4)
Cup 9 (Cup9)
Globular 8 (Glo8)
Lumpy 7 (Lum7)
Lumpy 9 (Lum9)
Massive 5 (Mas5)
Encrusting 8 (Enc8)
Ascidian 10 (Asc10)
Ascidian 9 (Asc9)
Total Number of
Species
% Unique

Site 1
Rank
Mean

113
Site 3
Rank
Mean

7
9
9
9
70
32.86%

Site 4
Rank
16

Mean
0.17

17
17
17
17
17

0.08
0.08
0.08
0.08
0.08

Site 5
Rank Mean
14
0.08
14
0.08
14
0.08
14
0.08
14
0.08

0.33
0.08
0.08
0.08
22
18.18%

48
10.42%

50
6.00%

